Gene therapy has been heralded as the "medicine of the 21st century". With this has come an expectation which has yet to be met by experience. Thus the past decade has seen some 4000 patients entered into a variety of gene therapy trials with very few documented successes. Much of the "hype and hope" surrounding clinical gene therapy reflects the gap between the need to carefully perform phase I clinical trials to assess toxicity and tolerability and the public expectation that this approach is the panacea to chronic disease. Recent publicity highlights the current dilemma. The death in the USA of an 18 year old with ornithine transcarbamylase (OTC) deficiency after intrahepatic arterial injection of an adenovirus vector carrying a wild-type version of the defective enzyme has precipitated a flurry of reports and congressional hearings focusing on the ethics of such trials and on the very nature of clinical research itself. 1 In contrast, a recent report provides one of the first clear cut gene therapy successes-the reconstitution of immune responses in two children with the SCID-X1 disorder by retroviral delivery of the wild-type gene to bone marrow. 2 These two examples are interesting in that the therapies target rare monogenic diseases where returning the wild-type gene is the only rational therapeutic option while also posing the most rigorous test of the gene therapy approach-the ability to provide long term correction of gene defects. It is however in the area of the common ills such as heart disease and cancer that gene therapy promises so much and, despite current concerns, there is no doubt that with the necessary technical developments gene therapy will significantly improve the treatment of the major contemporary causes of premature mortality.
It is generally accepted that the major impediment to the successful application of gene therapy for the treatment of a range of diseases is not a paucity of therapeutic genes but the lack of an eYcient non-toxic gene delivery system. While approaches using synthetic vectors are being developed, 3 the most eYcient gene delivery systems appropriate for clinical application which are currently available are based on virus vectors. Having evolved to deliver their genes to target cells, viruses can be easily manipulated to express therapeutic genes and the choice of virus type depends largely on the target cell and on the requirement for either transient or long term transgene expression. Virus vectors currently in use include adenovirus, adeno associated virus, herpes simplex virus, retrovirus, and lentivirus. Of these, the ability of adenoviruses to eYciently infect and deliver genes to a range of cells and to be generated to high titres has led to their widespread application. The commonly used first generation recombinant adenovirus vectors are based on adenovirus type 5, which causes mild respiratory infection in humans. 4 They have been modified by deletion of the E1 region, which encodes proteins that regulate expression of the other early genes (as well as the late virus structural proteins), thereby rendering virus replication defective. It was envisaged that the inability of these recombinant adenoviruses to replicate eYciently would prevent the production of unwanted viral proteins by infected cells, thus limiting both direct adenovirus toxicity and possible harmful consequences of antiadenovirus immune responses. In practice this has not always been the case and studies in rodents, primates, and humans have provided variable results, highlighting the need for a more detailed understanding of the natural history of adenovirus infection in humans and questioning the value of animal models in determining the safety of virus vectors. In this review we will consider the nature of adenovirus toxicity and the development of improved adenovirus vectors.
What's toxic about adenovirus vectors?
Much concern has focused on the direct toxic eVects of adenoviruses, particularly as intravenous administration of the virus can induce acute liver injury, as shown in animal models. It is this eVect which may have triggered the cascade of events leading to the death of the patient with OTC deficiency-in this case the recombinant virus was injected directly into the hepatic artery. Studies in mice have highlighted the dose limiting liver toxicity of intravenously administered virus, which in this model is mainly due to an acute inflammatory response involving the release of certain cytokines (interleukin 6, interleukin 8, tumour necrosis factor ) and the recruitment of immune eVector cells into the liver.
5-7 These eVects are manifest within the first few hours of adenovirus administration and do not require de novo virus gene expression. A recent study demonstrated that adenovirus induced chemokine gene expression within the liver occurs within one hour after infection and results in the recruitment of neutrophils which are principally responsible for the hepatic injury. 8 The ability of replication defective adenovirus to induce chemokine expression appears to be a consequence of the interaction of the virus capsid with target cells, although the precise mechanism by which virus binding elicits induction of gene expression remains to be determined. Hepatotoxicity together with prolongation of thrombin clotting time has also been observed in rhesus macaques receiving high doses of intravenous adenovirus. 9 Interestingly, the acute liver toxicity resolved except for persistent hypofibrinogenaemia in the high dose recipient. Another disturbing aspect of this study was the highly immunogenic nature of the transgene product (human coagulation factor IX), which is in stark contrast with its lack of eVects when administered to the same monkeys as a purified protein. This raises the possibility that therapeutic genes expressed within the context of a recombinant adenovirus may stimulate immune responses, thereby compromising their therapeutic utility. However, another study in which rhesus monkeys were repeatedly infected by bronchoscopic instillation with high doses of a second generation (E1 and E4 deleted) adenovirus vector carrying the cystic fibrosis transmembrane conductance regulator (CFTR) gene demonstrated generation of both humoral and cell mediated immune responses to the virus but not to the CFTR transgene.
10 A major consequence of the antiadenovirus immune response was the marked reduction of transgene expression following multiple dosing, which appears to result mainly from stimulation of neutralising antibody responses although adenovirus specific cytotoxic T lymphocytes (CTLs) were also detected.
It is clear from previous studies that intravenous injection of recombinant adenovirus is associated with rapid dose related liver toxicity. However, low doses of E1 deleted viruses can be used with minimal toxicity even in animals with damaged livers. Thus Nakatani and colleagues 11 demonstrated that adenovirus mediated gene delivery can be achieved eYciently and safely in mice with either liver cirrhosis or fulminant hepatitis. Intravenous administration of low doses of a galactosidase expressing E1 deleted adenovirus resulted in some diVerences in gene transduction eYciency when comparing normal mice with those with either cirrhosis or hepatitis, but no increased toxicity or diVerences in antiadenovirus immune responses were observed. These data are encouraging and suggest that adenovirus directed gene delivery may be useful in patients with severe liver disease provided that low level transgene expression is suYcient to obtain a therapeutic benefit. The problem with such studies is that they are mostly performed in rodents, and that these models are unlikely to reflect the behaviour of recombinant adenovirus in humans. Thus factors determining the ability of human tissues (including the liver) to be infected by adenovirus and the relative importance of the coxsackie-adenovirus receptor (CAR) and v integrins in mediating virus uptake in diVerent tissues remains unknown. 12 A major concern is the inappropriate use of rodent models both for investigating immune responses to (wild-type) adenovirus infections and for preclinical evaluation of adenovirus based gene therapy. Thus most rodents are not fully permissive for adenovirus replication, and the major CTL response in these animals is directed against virus early antigens. [13] [14] [15] [16] In contrast, data from adenovirus infected healthy humans highlights the role of virus capsid antigens as immune targets. 17 18 Pre-existing immune responses in humans may also limit the use and eVectiveness of recombinant adenovirus and cannot be properly assessed in rodent models. Nevertheless, experiments in animals have served to emphasise the transient nature of adenovirus delivered transgene expression in the presence of an immune response (particularly neutralising antibodies) and have led to attempts to modify the vector either by deleting further virus genes or by constructing recombinant adenoviruses based on the less common adenovirus serotypes. 19 20 The impact of pre-existing adenovirus immunity on toxicity, tolerability, and eYcacy of recombinant adenovirus gene therapy in cancer patients has only been documented in a few reports. GaherySegard et al (1997) 21 demonstrated elevation in both CD4+ve proliferative and CTL responses to adenovirus in four lung carcinoma patients who received a single intratumoural injection of a recombinant adenovirus expressing galactosidase. A group studying the eVect of thymidine kinase/ganciclovir gene therapy in patients with malignant mesothelioma found evidence of both local and systemic inflammatory responses subsequent to intrapleural injection of recombinant adenovirus 22 and reported significant increases in proliferative T cell responses after treatment. 23 Thus studies aimed at gaining a more detailed understanding of the natural history of adenovirus infection in humans and of the nature of adenovirus specific immunity are clearly warranted.
Modification of adenoviruses for gene therapy
The toxicity of the first generation E1 deleted adenoviruses is a consequence of both antivirus immune responses and the broad tropism of adenovirus infection. Thus attempts to modify the behaviour of the virus are a focus of much interest, and concentrate on removal of additional adenoviral genes and on modifying the tropism of the virus. Given the adverse eVects of both acute and chronic immune responses, a number of approaches aimed at controlling host responses have been examined. Blocking cell adhesion and immune costimulatory molecules at the time of adenovirus infection can reduce the toxic response and diminish immune responses, allowing successful readministration. 24 25 An alternative approach is based on cytokine treatment (for example interleukin 12) to alter the balance of helper T cells, thereby skewing the antiviral response to either antibody production or cell mediated cytotoxicity. 26 Somewhat paradoxically, certain adenovirus encoded genes can be used to downregulate immune responses. Thus the function of the E3 encoded gp19K protein is to inhibit the transport of MHC class I molecules to the cell surface and thus to reduce induction and activity of the CTL response. [27] [28] [29] [30] Expression of gp19K has been shown to increase the persistence of transgene expression in an E1+E3 deleted vector. 31 32 Another set of E3 encoded proteins (RID, E3-14.7K) inhibit apoptosis induced by tumour necrosis factor , CD95L, and TRAIL and could also be used to downregulate the acute inflammatory response as well as cell mediated immunity against recombinant adenoviruses. [33] [34] [35] The ability of E1 deleted adenovirus to replicate under certain conditions and the associated expression of viral genes which are either cytotoxic or elicit host immunity has led to the development of virus vectors with increasingly deleted genomes. Removal of viral genes encoding key replication functions (E2 encoded DNA polymerase, DNA binding protein, and the genome associated terminal protein) or important regulatory functions (for example, E4 proteins) has led to the production of recombinant viruses with a reduced ability to stimulate immune responses while achieving sustained transgene expression. [36] [37] [38] An extreme example of this approach is the development of "gutless" viruses devoid of all adenovirus genes but retaining the sequences essential for replication and packaging of the genome. [39] [40] [41] [42] [43] These viruses allow for the introduction of up to 35 kb of DNA but require a helper virus for replication, making downstream processing of pure recombinant virus for clinical studies more diYcult. However, the development of packaging defective helper viruses which make use of the site specific cre-lox bacterial recombination system to discriminate helper from vector oVer the promise of a resolution to this problem. [44] [45] [46] Altering the adenovirus coat to evade or minimise the eVect of neutralising antibodies or to enable re-targeting of the virus to specific cell types is an area of much interest being actively pursued in both academia and the pharmaceutical industry. Attempts to circumvent the preexisting humoral response and to alter the virus tropism have been made using chimeric capsid proteins. Thus a virus with a chimeric adenovirus 5/12 hexon, where the surface loops specifying type specific neutralisation came from adenovirus 12, was found to overcome virus neutralisation in mice primed with adenovirus 5 virus. 47 A chimeric fibre with the receptor binding knob domain of adenovirus 3, which infects cells through an unknown receptor, distinct from CAR, was used to produce an adenovirus 5/3 vector resulting in an adenovirus with altered tropism. 48 Initial attempts to redirect adenovirus infection have used bi-specific molecules to attach the virus to specific cell surface receptors. In this approach the natural tropism of the virus is blocked by the use of a neutralising antibody to the fibre which is attached either by conjugation or by genetic engineering to a targeting ligand or a cell type specific antibody. Thus adenovirus infection has been redirected to the folate receptor by conjugating folate to the Fab fragment of a neutralising antifibre monoclonal antibody 49 and to the fibroblast growth factor (FGF) receptor by use of an antibody-FGF complex. 50 A more refined strategy is to genetically modify the fibre or hexon to incorporate ligands (peptides, short chain antibodies) which alter the tropism of the virus. [51] [52] [53] [54] [55] While initial studies in this area have generated modified vectors with extended tropism, the challenge has been to identify the CAR binding site on fibre and replace this with a targeting ligand. Identification of a conserved receptor binding site on the fibre protein of those adenoviruses which recognise CAR 56 and the publication of the crystal structure of the adenovirus 12 fibre knob domain in complex with the binding domain I of CAR 57 allows for more precise engineering of fibre for various re-targeting strategies. Key amino acids within the fibre essential for CAR binding have been defined, 58 which allows the design of fibre mutants which ablate CAR binding and incorporate an alternative ligand, thus realising the aim of redirecting virus binding. Strategies to allow production of viruses that lack CAR binding capacity have also been developed, 59 60 and the stage is now set for the design and clinical application of genetically modified adenovirus vectors with specific targeting attributes. 
